Twenty-eight warmblood mares were monitored during their late pregnancy in the Teaching Hospital of Ghent University. The reliability of two commercial assays (enzyme immunoassay and glutaraldehyde coagulation test) used for determining the IgG concentrations of their newborn foals was tested. Mammary secretions were examined at the time of foaling (T 0 ), and then 4 (T 1 ) and 8 (T 2 ) hours after foaling by refractometry and electrophoresis. The foals' blood IgG levels were measured at T 1 and T 2 as a routine clinical diagnostic examination using two different commercial test kits (SNAP Foal Ig and Gamma-Check E) and T 0 , T 1 and T 2 samples were stored (at -18 °C) for immunoglobulin (Ig) determination by electrophoresis. Differences between the results of refractometry and electrophoresis occurred in 27.8% of the colostrum analyses. Some serum IgG could be detected immediately post partum (T 0 ) in 75% of the foals, and 42.82% of the newborn foals acquired a serum concentration of more than 800 mg/dl IgG within 8 h of birth. Compared to the electrophoresis, the glutaraldehyde test scored better (85%) than the enzyme immunoassay (74%), although both are accurate and safe to use since they clearly distinguish between safe and unsafe IgG concentrations.
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Key words: Newborn foal, immunoglobulin, rapid test, refractometry, colostrum Foals are immunocompetent but immunologically naïve and hypogammaglobulinaemic at birth (McGuire and Crawford, 1973) , and therefore the adequate uptake of high-quality colostrum is essential for their future life (Rossdale and Ricketts, 1980; Horváth et al., 2005) . Although parturition in the mare is usually easy and uneventful, a minimum level of surveillance is recommended to ensure a good start for the newborn (Govaere et al., 2011) . Immunologic functions are suppressed in foaling mares and immature in neonatal foals, especially before colostrum intake (Aoki et al., 2013) . The absorption of immunoglobulins decreases 9 h after birth, but an adequate transfer of passive immunity is still possible at 9 h of age (Clément et al., 2002) . The health status of foals during early life influences the horse's performance as an adult (Hemberg et al., 2010) . In the United States, financial losses due to the failure of passive transfer (FPT) are estimated to reach 5 billion dollars every year (Perryman, 1981) . Consequently, monitoring the immunity status of foals is of utmost importance and should be the first management step in the clinical evaluation of every newborn foal (Vincze et al., 2010) . Research findings suggest that serum total globulin concentration can be used to predict gamma globulin concentration as a useful initial screening test for FPT in foals (Fouché et al., 2014) . The purpose of this study was to assess a practical approach based on commercially available 'on-field' test kits (Metzger et al., 2006; de Bruijn et al., 2003) , and to monitor the foals' immunity acquisition in the first hours of life. The time needed for acquiring this sufficient level of serum IgG by the foal has also been assessed, which may help clinicans to determine when they can expect the foal to be protected by its IgG concentration.
Materials and methods
Twenty-eight warmblood mares stalled at the clinic were under continuous surveillance during the last two weeks of pregnancy. The mares came from different stables and had different immunological backgrounds. Their body condition was 5-7 points (Henneke et al., 1983) , their age was between 5 and 16 years, and parity varied between 1 and 5. All mares had a normal CTUP value (Combined Thickness of Uterus and Placenta; Troedsson, 2001; Baska-Vincze et al., 2014) checked in the last week of gestation by MyLab Class C transrectal linear probe (5-7.5 MHz), normal udder development without signs of premature lactation, and a foal in anterior presentation. Only mares exhibiting a normal course of parturition during phases 1, 2 and 3, and giving birth to a normal healthy foal were used in the study. Foals were artifically fed with 250 ml colostrum of the dam from a bottle to make sure that they received the first amount of colostrum as soon as possible. The sampling protocol is shown in Table 1 . Thereafter, foals were observed from a distance, clinical parameters were recorded and surveillance was assured to check timely standing, suckling and defecating reflexes as well as to ensure a normal mare-foal behaviour and bonding.
The 28 mares were examined three times: immediately at foaling (T 0 ), and then 4 and 8 h after foaling (T 1 and T 2 ) the IgG content of the mammary secretions was checked by refractometry (REF) (ATC glucose refractometer, Minitube, Minitüb GmbH, Germany, 24400/0150) (Korosue et al., 2012) and stored at -18 °C for electrophoresis (Rumbaugh et al., 1978) later on. Twelve colostrum samples were not suitable for evaluation by the laboratory, and therefore a total of 72 colostrum samples were analysed. The BRIX percentages measured by refractometer were compared to the results of electrophoresis (EPH) (Fig. 1) . The 28 foals were examined at two time points (T 1 and T 2 ), but ten blood samples were unsuitable for evaluation, so a total of 46 samples were used to compare the commercially available tests (SNAP Foal Ig, Gamma-Check E test, and electrophoresis). Fresh untreated blood samples (as serum for EPH) as well as EDTA samples, taken into a vacutainer, were obtained at each time (except EDTA samples at T 0 ). The EDTA samples (T 1 , T 2 ) were used for the 'on-field' tests. The serum was centrifuged with 2000 g for 20 min and stored at -18 °C until analysis by EPH. All placentas were checked for gross pathology (LeBlanc, 1999) . In order to assess the clinical status of the foals, standard measurements of clinical parameters were recorded at all time points (Martens, 1982; Szenci, 2004) .
The Snap Foal test (SF test, IDEXX Laboratories), as described Pusterla et al. (2002) , uses discolouration of a carrier impregnated with reagent alongside calibration standards indicating if the foal's blood contains less than 400 mg/dl immunoglobulins, more than 800 mg/dl immunoglobulins or immunoglobulin concentrations between the above two reference values (Fig. 2) .
The Gamma-Check E test (GCh-E) by Plasvacc (USA) is designed to be a rapid screening test for foals, using whole blood or serum. The glutaraldehyde coagulation test method has been described previously (Beetson et al., 1985; Clabough et al., 1989) . In brief, blood clotting with the prepared suspension within 10 min indicates that the IgG level is above 800 mg/dl. Clot formation in 60 min means that the IgG level is between 400 and 800 mg/dl (McKinnon et al., 2011) .
All colostrum and serum samples taken at time points T 0 , T 1 and T 2 were analysed by electrophoresis (Zoolyx Veterinary Laboratory Services).
Conformities and differences between REF and EPH, and between the scores of the rapid tests and the EPH results were determined and analysed by IBM SPSS 23.0 statistics. Effectiveness of the diagnostic tests was compared to that of EPH. Both sensitivity and specificity, as well as the positive (PPV) and negative predictive values (NPV), and the accuracy of each test method were calculated at two different concentrations, with 800 mg/dl and 400 mg/dl taken as a threshold.
Results
The avarage values of the clinical parameters of neonatal foals at different time points are shown in Table 2 . The regularity was considered in the case of the heart rate and the respiratory rate. Muscle tonicity meant that the foals had extended front legs with lifted head and neck. In cases of irritation of the nasal mucosa, the foals gave forceful defensive reactions.
The Ig concentrations of the mares' colostrum and the foals' serum were compared in 19 cases after EPH (for 9 mare-foal pairs some data were missing, and thus these could not be included in this study). The changes of Ig concentrations are shown in Figs 3 and 4. The correlations are shown in Table 3 , where the two cases from Fig. 4 were not taken into consideration, as they would have distorted the results. The categories of the colostrum analyses are shown in Table 4 . The data did not show normal distribution, and thus a Spearman's rho correlation test was used. A strong positive connection was seen between results obtained by REF and EPH, resulting in a correlation coefficient of 0.7. Differences between the results obtained by REF and EPH occurred for 20 samples (27.8%) ( Table 5 ).
In 75% of the foals some serum IgG could be detected (using EPH later on) immediately post partum (T 0 ). In most cases the Ig level varied around 100 mg/dl and in 7.14% of the cases the Ig level was 200-300 mg/dl immediately after delivery. Although, on average, at T 0 the naive serum Ig concentrations of newborn foals were less than 300 mg/dl with an average of 85 mg/dl as assessed by EPH. By T 1, 14.29% of the foals had acquired a serum Ig concentration of 600 mg/dl, and at T 2 a serum IgG level above 600 mg/dl was measured in 78.57% of the foals, with 42.82% of the newborn foals having higher than 800 mg/dl immunoglobulin level in their serum 8 h post partum. Table 4 Colostrum quality categories (Cash, 1999) A strong positive correlation of 0.764, 0.845 and 0.849 was found between Snap Foal (SF) and EPH, between Gamma Check-E (GCh-E) and EPH, and between SF and GCh-E, respectively. Differences were seen on 22 occasions (in 47.83% of the cases) when comparing the SF test results with the EPH findings. When comparing the GCh-E with the EPH results, a difference was found in 17 samples (36.96%). In all these cases, EPH demonstrated lower Ig concentrations than the on-field tests (the details are shown in Table 6 ).
Table 6
Differences between the on-field tests and electrophoresis Sensitivity, specificity, PPV, NPV and accuracy were calculated at two different measurement thresholds: 800 mg/dl and 400 mg/dl Ig concentration, respectively (Table 7) . Sensitivity (800 mg/dl) of the GCh-E test and the SF test was 0.8 and 0.53, respectively. Also at the measurement threshold of 400 mg/dl the sensitivity of the GCh-E test (0.53) was higher than that of the SF test (0.38). The specificity of all test methods was 1. The PPV was 1 for all test methods and both threshold levels, but the NPV (at a limit of 800 mg/dl) was 0.73 for GCh-E and 0.53 for SF. The NPV (at the 400 mg/dl limit) was 0.79 for GCh-E and 0.75 for SF. The accuracy of the GCh-E and SF was 87% and 70%, respectively, at the threshold of 800 mg/dl and 83% and 78%, respectively, at the 400 mg/ml concentration. 
Discussion
Only healthy foals were included in this study. Accordingly, the clinical parameters -measured as part of the vitality testing immediately after parturition (T 0 ), 4 h post delivery (T 1 ) and at 8 h of age (T 2 ) -provided consistent reference values in the very early life of neonatal foals, which can be used for comparison with other newborn foals in the future.
In most cases the colostral Ig concentration of mares reaches its peak around the time of foaling and then it starts to decrease. With the foal's nursing, the neonate's serum Ig concentration increases. In two cases (10.5%; Fig. 4 ) the mare's colostral Ig content culminated only after a few hours post partum, and thus the foal could not take up the highest amount even if it stood up and suckled earlier. For this reason these two cases were not included in the calculation of correlations. Weak correlations were found between the Ig concentrations of the mare's colostrum and the foal's serum at the different time points, with the exception of T 2. At a given time point the correlations were always negative, which means that colostral Ig concentration is inversely related to serum Ig concentration at the same time point. The highest positive correlation was found between T 1 colostrum and T 2 serum samples.
The equine placenta of epitheliochorial type does not allow an easy transit of larger molecules like immunoglobulins, resulting in agammaglobulinaemic neonates at birth (Egri and László, 1991; Szenci, 1993) . Even so, infrequently some IgG and IgM can be found in the blood of the newborn foal (Koterba et al., 1990) , which indicates that some degree of antibody formation occurs already in utero (Perkins and Wagner, 2015) . In this study, only 25% of the foals did not have any serum Ig as shown by EPH, while some serum Ig (85 mg/dl) was demonstrated in 75% of the foals in the immediate postpartum period.
When assessing colostrum quality, a strong correlation between the refractometer values (% BRIX) and the EPH results was seen (correlation coefficient = 0.7). This suggests that the refractometer is a very good instrument for assessing colostrum quality (Korosue et al., 2012) , besides its use to predict an impending parturition (Chavatte-Palmer et al., 2001 ). According to the findings of another study, however, BRIX refractometry is only a moderately accurate method for predicting foaling within 60 h in multiparous mares (Stout et al., 2011) .
The reported Although previous papers recommended to determine the serum IgG levels at 18 h of age (LeBlanc, 2001) , in the described management practice (including the 250-ml bottle feeding), our results show that normal healthy foals can acquire the minimum protective levels much earlier. In this study, 42.82% of the newborn foals acquired a serum IgG concentration exceeding 800 mg/dl within 8 h of birth. By 18 h of age all the foals had achieved the 800 mg/dl Ig level except two neonates; however, the Ig concentration of the latter also increased above this level by the end of the first day of life.
The use of rapid 'on-field' tests for determining the immunoglobulin status in the very early period after birth is important in order to supply immunoglobulin-deficient foals with immunoglobulins as early as possible. The diagnostic test should be reliable, easy to use and economical. Both tests (SF and GCh-E) are user friendly but should be kept at 2-8 °C. The GCh-E test is cheaper and had a better sensitivity and accuracy than SF in this trial, but the SF test has advantages in compromised foals or in the case of haemolysed samples. In this study only healthy foals were taken into account, which explains why the GCh-E test could be used in a reliable way.
Both of the two rapid 'on-field' tests evaluated in this study showed a strong correlation with the EPH. In this study, the GCh-E test scored better than the SF test (Table 7) . The sensitivity of the GCh-E test (0.8 at the level of 800 and 0.5 at the level of 400 mg/dl) was better than that of the SF test (0.53 at 800 and 0.38 at 400 mg/dl). The specificity and the PPV were the same (1) for both methods.
In general, when discordance between the on-field tests and the EPH occurred, all the rapid diagnostic tests showed higher IgG concentrations than EPH. Those cases in which the on-field test predicts a 'good' level of protection but the actual (EPH) IgG level does not reach even the 600 mg/dl limit, pose a huge risk to the health status of the newborn foal. Day et al. (2003) compared the performance and predictive abilities of four commercially available foal IgG tests (including the SF and GCh-E tests) using turbidimetric immunoassay as a reference standard. In that report, the GCh-E test had a higher sensitivity than the SF test, but in terms of specificity the SF test had higher values compared to the GCh-E, and also the accuracy of the GCh-E test was higher than that of the SF test. In the present study, the sensitivity of the GCh-E was also found to be higher compared to the SF, while regarding the specificity the two tests were equivalent. The GCh-E was found to be superior also in terms of accuracy (85%) as compared to the SF test (74%).
According to our results obtained in healthy uncompromised foals, the GCh-E scored better in both accuracy and sensitivity compared to the SF. However, the use of SF in foals where an impending inflammation is suspected, can provide an advantage over the GCh-E. In non-compromised foals the glutaraldehyde test (GCh-E) might be a justified choice to assess the foals' immunity since it is less expensive than the enzyme immunoassay (SF); however, if an inflammatory process is suspected, the SF test might be preferred to the GCh-E test, because in the acute phase of inflammation, when fibrinogen levels are high (Vajdovich and Ribiczeyné, 1999) , or with haemolysed samples the GCh-E has been reported to give false positive test results. In case of doubt or in the case of a mismatch between test results and clinical findings, electrophoresis might be indicated. The use of a refractometer is recommended, and it can be a very good additional tool for assessing colostrum quality, and thus to predict the chances of the newborn foal. Eight hours after birth is too early for determining the IgG concentration, but the optimum time point can be earlier than 18 hours. Further investigations are needed to determine the best time point for using on-field tests.
